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I.  Project  Summary 

The  initial  work  statement  targeted  quantifying  the  hot  working  conditions  experienced  by 
titanium  during  friction  stir  welding/processing  (FSW/P).  Of  particular  interest  was  the 
identification  of  the  hot  working  conditions  (i.e.  strain  rate,  strain,  and  temperature)  required  to 
refine  the  grains  in  the  weld  zone  or  nugget.  Using  a  kinematic  approach  toward  modeling  of  the 
FSW/P,  the  instantaneous  shear  strain  rate  encountered  by  the  material  entering  the  rotation  plug 
around  the  weld  tool  is  estimated  to  be  in  the  range  of  10^  to  106  s'1  at  strains  levels  in  excess  of 
50.  A  similar  level  of  grain  refinement  has  been  reported  in  metal  chips  formed  during  cutting 
operations  where  the  shear  strain  rate  is  estimated  to  be  in  the  range  of  10'  to  10A  s'1,  but  at  strain 
levels  less  than  5.  Both  these  processes  are  predicted  to  instantaneously  impart  strain  rates  on 
the  order  of  ballistic  impact  on  the  metal.  In  contrast  grain  refinement  has  also  been  reported  in 
equal  channel  angular  extrusion  (ECAE)  where  the  grain  size  reduction  has  been  correlated  with 
the  increasing  amount  of  strain  achieved  by  multi  passes  at  quasi-static  strain  rates.  The 
motivation  for  this  study  is  furthering  our  understanding  of  the  mechanics  responsible  for  grain 
refinement  as  influenced  by  ballistic  level  shear  strain  rate  and/or  shear  strain. 

The  hot  working  or  processing  behavior  of  titanium  alloys  is  being  established  based  on 
correlating  the  phase  thermodynamics  and  the  metal  forming  conditions  defined  by  a 
combination  of  physical  simulation  and  theoretical  modeling  of  the  friction  stir  process.  The 

focus  of  our  project  is  not  process  development  per  se,  but  rather  understanding  how  the 
microstructures  were  generated  using  physical  simulation  guided  by  input  from  kinematic 
modeling  studies  [1]. 


II.  Background 

High  temperature  materials,  including  Titanium  and  its  alloys  have  widespread  interest  among 
the  NASA,  Air  Force,  and  Navy.  The  workhorse  alloy,  Ti-6A1-4V,  is  used  in  both  cast  and 
wrought  forms.  While  the  cast  and  hot  isostatically  pressed  (HIPed)  lamellar  microstructurc  is 
relatively  resistant  to  fatigue  crack  growth,  the  a/p  processed  microstructure  with  cquiaxed  a 
provides  increased  resistance  to  fatigue  crack  initiation  [2],  Thcrmomechanical  processing  of  the 
two  phase  Ti  alloy  either  above  or  below  the  ptransus  results  in  differing  microstructures  [3]. 

This  allows  inference  of  the  temperature  by  examination  of  the  resulting  microstructurc.  In  the 


metal  working  processes  being  investigated,  adiabatic  heating  also  contributes  to  the  heat  input 
and  must  be  quantified. 

Mechanisms  responsible  for  grain  refinement  at  conditions  of  ballistic  impaet  are  unknown  [4], 
This  maybe  due  in  part  to  the  short  time  frame  in  which  the  impact  and  resulting  mierostruetural 
refinement  occurs.  The  temperatures  during  impaet  are  also  not  known  with  estimates  of 
adiabatic  heating  based  on  a  90%  conversion  efficiency,  independent  of  the  strain  rate  [5]. 


III.  Modeling 

The  processing  history  or  hot  working  parameters  that  result  in  reerystallization  of  FSW/P  weld 
nugget  and  chips  formed  during  metal  cutting  arc  unknown.  In  studies  of  FSW/P  of  Ti  alloys, 
the  reported  temperature  range  is  reported  to  be  in  the  range  of  950-1467°C  [2,  3,  6-8].  The  p 
transus  temperature  for  Ti  is  reported  in  the  range  of  950-980°  C  at  quasi  static  conditions  [2,  3], 
Although  there  is  interest  in  limiting  the  FSW/P  temperature  to  avoid  the  non-homogencous 
mierostruetural  changes  which  would  accompany  the  localized  a  to  P  phase  transformation, 
there  has  been  no  reported  success  in  the  open  literature  [8].  This  may  suggest  that  the  adiabatie 
heating  associated  with  the  high  shear  strain  rate  of  the  proeess  is  higher  than  estimated  using  a 
90%  energy  conversion  to  heat. 

Through  marker  studies  conducted  at  the  NASA-MSFC  [9-15],  the  presence  of  a  severe  shear 
zone  has  been  defined  that  encompasses  a  rotating  plug  of  metal  as  illustrated  in  Figure  1 
Figure  2  shows  the  metal  within  this  rotating  metal  plug  is  significantly  refined.  This  report 
documents  studies  undertaken  to  determine  if  the  conditions  imposed  on  the  metal  entering  the 
shear  zone  are  severe  enough  to  drive  an  instantaneous  reerystallization  phenomenon  rather  than 
the  more  traditionally  understood  reerystallization  proeess.  Adiabatic  shear  temperatures  are 
estimated  on  the  basis  of  a  conversion  of  energy  to  heat.  This  is  assumed  to  be  a  constant, 
independent  of  the  shear  strain  rate. 
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Figure  1.  Plan  (top  view)  of  metal  in  vicinity  of  weld  tool.  Tungsten  wires  (0.001  ”)  were 
used  to  trace  out  location  of  shear  zone  a  finite  distance  from  the  tool  surface. 
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Figure  2.  Plan  (top)  view  of  FSW  with  pin  tool  removed.  Specimen  has  been 
metallographically  sectioned  to  mid-panel  thickness.  The  material  surrounding  the  pin 
tool  is  refined  in  comparison  with  the  parent  material. 
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A)  Kinematic  Modeling 


Table  I  summarizes  the  imposed  metal  working  conditions  during  FSW/P,  estimated  using  the 
Nunes  Kinematic  model  [1].  The  linear  strain  increment  imposed  on  the  joint  seam  is  based  on 
the  relationship  given  in  equation  1,  where  R=pin  tool  radius,  Q=tool  angular  velocity,  and 
V=weld  travel  speed. 


RQ  R£2 
VeosO  ~~  V 


(eqn.  1) 


Equation  2  approximates  the  shear  strain  rate,  where  8  =  shear  zone  thickness.  Based  on  these 
relationships,  the  pin  tool  rotation  controls  the  amount  of  strain  and  strain  rate  while  the  strain  is 
inversely  proportional  to  the  weld  travel  velocity.  The  shear  zone  thickness  is  estimated  at 
0.02  em  under  further  validation  and  verification  ean  be  made. 
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(eqn.  2) 


Table  L  Predicted^  Metal  working  conditions^  during  FSWing. 


Condition 

Value 

shear  strain 

>50 

shear  strain  rate 

10J  to  10*  s'1 

est.  temperature 

0.6  to  0.9  Tmp 

Based  on  the  relationships  given  in  equations  1  and  2,  the  strain  rate  of  the  proeess  is  relatively 
insensitive  to  the  typieal  range  of  processing  conditions  utilized  in  FSW.  To  achieve  an  order  of 
magnitude  change  in  the  strain  rate  would  require  an  order  of  magnitude  decrease  in  the  travel 
speed.  Thus  for  a  given  thiekness  metal  and  weld  tool,  the  hot  working  conditions  experienced 
by  the  material  are  expeeted  to  be  constant  when  producing  a  ‘good’  FSW.  A  ‘good’  weld  is 
defined  as  one  without  visible  defeets  or  significant  decrease  in  the  ultimate  tensile  strength 
(>30%). 


B)  Metal  Cutting 

One  method  to  isolate  the  shear  band  proposed  in  the  FSW/P  model  is  the  metal  eutting  proeess 
illustrated  in  Figure  3.  Studies  reported  in  the  literature  indicate  a  refined  mierostrueture  to  be 
present  in  the  metal  ehips  produced  during  metal  eutting  processing  [16-19].  Similarities  or 
differences  in  the  resulting  mierostruetures  between  FSW/P  versus  metal  eutting  help  to  quantify 
the  amount  of  strain  versus  an  initially  high  strain  rate  required  for  grain  refinement.  Figure  4 
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illustrates  a  possible  link  between  the  mierostrueture  in  shear  bands  formed  during  metal  cutting 
and  the  mierostrueture  observed  in  FSW/P. 

Since  the  mierostrueture  of  a  metal  responds  differently  to  imposed  strain  or  strain  rate  at  a  given 
temperature,  controlled  experiments  that  duplicate  the  metal  hot  working  conditions  can  be 
compared  to  the  mierostrueture  of  a  FSW  nugget.  In  all  materials  joined  by  FSW/P,  the  nugget 
is  consistently  comprised  of  extremely  refined  or  reerystallized  grains.  Reerystallization  can 
occur  by  two  processes:  a  series  of  strain  and  annealing  stages  or  by  high  deformation  rates. 


Flow  Trajectory 


Friction  Stir  Welding 


Shear  Interface 

Metal  Cutting 
Cut  — 


Figure  3.  Proposed  similarity  between  friction  stir  welding  and  metal  cutting  processes. 


(a)  (b)  (c) 

Figure  4.  Orthogonal  metal  cutting  model  proposed  as  “deck  of  cards  ”,  in  which  shear  bands 
cause  the  removed  metal  to  break  away  (a).  Microstructural  studies  of  these  shear  bands  in 
metal  cut  chips  have  shown  a  heavily  deformed  mierostrueture  in  which  grain  refinement  has 
been  reported  (b).  Mechanisms  responsible  for  grain  refinement  within  the  shear  bands  maybe 
similar  to  that  in  the  FSW/P  (c). 


If  the  reerystallization  occurs  by  subjecting  the  metal  to  a  critical  amount  of  strain  with 
subsequent  heating,  then  the  process  could  be  considered  using  conventional  dislocation 
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processes.  The  flow  path,  as  influenced  by  the  pin  tool  features  could  be  designed  to  ensure  the 
metal  is  subjected  to  a  critical  amount  of  strain,  at  the  weld  temperature  to  drive  the 
recrystallization  process. 

However,  if  the  recrystallization  occurs  by  subjecting  the  metal  to  a  critical  strain  rate,  at  a 
critical  temperature,  then  the  process  can  be  considered  as  grain  refinement  in  the  shear  zone 
followed  by  sustained  superplastic  flow  of  metal  within  the  rotating  plug.  In  this  case,  a  critical 
tool  rotation  is  required  to  ensure  the  shear  rate  is  sufficient  to  drive  the  rccrystallization  process. 
Mechanisms  responsible  for  this  grain  refinement  have  been  proposed,  but  not  validated  [4], 

Predictive  machining  theory  has  evolved  for  determining  the  cutting  forces,  temperatures,  and 
stresses  during  metal  cutting  process  [16-18],  Current  research  into  mathematical  modeling  of 
the  metal  eutting  process  is  used  to  reduce  costs  and  increase  quality  of  machined  surfaces.  The 
metal  cutting  predictive  models  utilize  plasticity  theory  to  analyze  the  chip  formation  process 
[17-19].  This  introduces  the  temperature  and  strain  rate  dependant  work  material  flow  stress  and 
thermal  properties  into  the  analysis.  The  metal  cutting  process  is  considered  to  be  a  series  of 
shear  fronts  that  initiate  along  a  line  extending  from  the  tool  tip  to  the  free  surface.  The  chip 
formed  can  be  discontinuous,  caused  by  formation  of  adiabatic  shear  bands,  or  continuous,  if 
steady  state  metal  plasticity  can  be  induced. 


C)  Adiabatic  shear  band  temperature 

The  temperature  increase  in  the  adiabatic  shear  band  can  be  estimated  by  equation  3  [5]; 


AT  = 


p*c 


(eqn.  3) 


Where  P  is  the  fraction  of  plastic  work  converted  into  heat,  p  is  the  density,  and  c  is  the  specific 
heat  capacity  of  materials.  The  oeff  is  the  equivalent  flow  stress  and  £eff  is  the  effective  strain. 
They  can  be  calculated  by  equation  4  and  5  respectively  [5]: 


Geff 


C 


(eqn.  4) 


where  H  is  the  measured  mierohardness  values  and  C  is  the  constant  (  C  =  3.0). 


e 


eff 


(eqn.  5) 


where  0  =  90°  -  <|>  and  4>  is  the  shear  angle. 

Instrumented  torsional  Glecble  tests  were  conducted  at  the  Ohio  State  University.  This  data  will 
provide  information  on  the  effect  of  varying  strain  rates  on  the  P  transus  temperature.  This  will 
allow  evaluation  of  the  effect  on  the  adiabatie  heating  as  indicates  that  the  P  transus  is  lowered 
during  dynamic  tests  may  result  from  the  increased  temperature  due  to  adiabatic  shear. 
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IV.  Experimental  Procedure 


Commercially  available  Ti-6A1-4V  was  used  during  this  study.  The  material  was  supplied  in  the 
annealed  condition  and  reported  by  the  supplier  to  eontain  6.1%  Al,  4.2%  V,  0.08%  Fe,  0.01%  C, 
0.05%  N  and  0.12%  O  by  weight.  Panels  used  were  0.635  cm  thick. 


A)  Friction  Stir  Welding 

The  as-received  PM  was  cut  into  panels  with  dimensions  7.5  x  60  x  6.4  cm.  Two  panels  were 
used  to  create  butt  joints  along  the  60  cm  lengths  of  the  panels.  The  faying  surfaces  of  these  butt 
joints  were  machined  in  a  horizontal  mill  prior  to  joining.  Two  tapered  pin  tool  designs,  90°  and 
1 20°  included  angle  taper,  or  45°  and  60°  half  angle  taper,  were  used  to  FSW  the  joints.  All  of  the 
welds  were  made  with  a  2.5°  lead  angle  in  displacement  control.  Additionally,  all  pin  tools  had  a 
smooth  7°  coneave  shoulder.  All  FSWs  were  made  at  the  NASA-Marshall  Space  Flight  Center 
with  their  personnel  assisted  by  MSU  graduate  students.  Table  II  summarizes  the  weld 
schedules  for  the  pin  tools.  Three  weld  schedules  were  evaluated  by  varying  the  travel  rate  on 
each  60  em  long  butt  joint.  Acceptable  FSW  schedules  were  made  on  the  basis  of  surfaec 
appearance  and  radiographic  x-ray  inspection. 


Table  II.  FSW  Process  Parameters. 


Weld  ID 

Included 
Taper 
angle  (°) 

Taper 
angle  (°) 

Spindle 

Speed 

(RPM) 

Spindle  Travel 
(cm/min) 

0020W 

90 

45 

400 

10.2-11.4-  12.7 

0030W 

120 

60 

400 

9.5  -  11.4-13.3 

B)  Metal  Cutting 

Figure  5  shows  a  schematic  of  the  specimen  disk  mounted  on  a  lathe  with  the  cutting  tool 
perpendicular  to  the  longitudinal  axis  of  the  specimen  disc.  The  specimen  disks  were  machined 
through  the  material  thiekness  of  blanks  prepared  with  a  recessed  diameter  to  ensure  a  free 
surface  at  both  ends  of  the  cutting  tool.  This  turning  operation  approximates  standard  orthogonal 
cutting  conditions  [19],  For  preliminary  studies,  chips  were  formed  at  two  cutting  speeds,  1320 
and  3420  cm/min  (0.22  and  0.57  m/s),  at  a  constant  0.36mm  depth  of  eut  and  a  5°  rake  angle. 
Based  on  the  resulting  microstructural  analysis,  additional  metal  chips  will  be  fabricated  to 
expand  the  range  of  shear  strain  rates  investigated.  A  water  queneh  was  applied  to  the  metal 
chips  as  they  were  formed  to  retain  the  microstructurc.  Tabic  III  summarizes  the  cutting 
conditions  and  resulting  shear  strain  and  shear  strain  rate. 
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Figure  5.  Schematic  of  metal  chip  formation  during  a  metal  turning  operation. 


By  measuring  the  eutting  speed  (V),  depth  of  eut  (t),  metal  chip  thiekness  (tc),  and  shear  band 
spaeing  (Ay),  the  strain  (y)  and  strain  rate  (y)  ean  be  calculated  using  Equations  6  and  7, 
respectively  [19]. 


cos  a 

sin  ^-cos(^-a) 
cos  a  V 
cos Ay 


(eqn.  6) 
(eqn.  7) 


where  the  shear  angle  (<)>),  a  geometrie  relationship,  is  ealeulated  using  Equation  8  [19]. 


t 

—  cos  a 

tan^  =  — - -  (eqn.  8) 

1 - sm  a 

'r 


Table  ILL  Metal  cutting  process  parameters. 


Chip  ID 

Lathe 

Rotational 

Speed 

(RPM) 

Lathe  Travel 
(em/min) 

Depth  of 
eut 
(mm) 

Rake  angle 
(°) 

70  RPM 

70 

1320 

0.36 

5 

180  RPM 

180 

3420 

0.36 

5 

C)  Characterization 

Representative  specimens  from  all  experimental  methods  were  metallurgical^  mounted  and 
polished  to  investigate  the  mierostrueture.  Samples  were  mounted  in  conductive  phenolic 
mounts.  A  Buehler  SimpliMet  1000  was  used  to  mount  the  sections  at  150“C  with  290  bar 
pressure  for  1:40  minutes.  The  samples  were  prepared  using  standard  metallographie  procedures 
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progressing  from  initial  grinding  with  silica  paper  to  final  polishing  with  0.05  micron  alumina 
powder.  These  samples  were  then  etched  using  a  solution  of  2mL  HF  and  100  H^O  for  12  s 
according  to  ASTM  E407-07  for  Ti  alloys  [20], 

Optical  micrographs  (OM)  were  recorded  using  a  LE1CA  DM1  5000  metallographic  light 
microscope  and  then  used  to  determine  average  prior  p  grain  size  in  different  locations  in  the  PM 
and  FSW  nugget  region  using  ASTM  standard  El  12-96  [21]. 

Scanning  electron  microscopy  (SEM)  images  of  all  specimens  were  obtained  using  a  JOEL 
6500F  field  emission  (FE)-SEM  operating  at  5kV.  An  energy  dispersive  spectrometer  (EDS), 
mounted  on  the  FE-SEM,  was  used  for  elemental  analysis. 

PM  and  metal  chip  samples  were  further  characterized  using  transmission  electron  mieroseopy 
(TEM).  Thin  foils  were  made  through  the  50-80  micron  thickness  of  the  metal  chips.  TEM 
specimen  disks  (3mm)  were  punched  from  the  thinned  foil,  dimpled  on  both  sides  (i.e.  cut  and 
free  surface),  and  ion  milled  to  electron  transparency.  The  TEM  specimens  were  examined  in  a 
JEOL  JEM-100CX  TEM  operated  at  an  accelerating  voltage  of  100  kV  to  obtain  bright  field 
image  (BFI)  and  selected  area  electron  diffraction  (SAD)  patterns. 

X-ray  diffraction  (XRD)  data  was  collected  using  a  Rigaku  SmartLab  with  a  step  size  of  0.01° 
and  a  0.5  s  dwell.  Specimens  from  the  PM,  FSW  nuggets,  and  metal  cutting  were  analyzed.  X- 
ray  scans  were  made  normal  to  the  transverse  sections  of  the  stir  zone  and  normal  to  the  cut 
surface  of  the  metal  chips.  The  data  was  compared  to  ICDD  powder  XRD  data  for  pure  a  and 
pure  P  Ti  at  room  temperature  [22,  23]. 

Higher  resolution  TEM  images  were  obtained  under  a  Oak  Ridge  National  Laboratory  (ORNL) 
SHaRE  proposal  [24]  which  provided  access  to  a  Hitachi  HF-3300  FEG/TEM/STEM. 

Specimens  were  prepared  using  a  Hitachi  NB-5000  Dual-Beam  Focused  Ion  Beam  (FIB)  system 
also  at  ORNL.  Use  of  the  FIB  allowed  selected  regions  of  the  metal  chips  to  be  investigated  in 
detail  as  illustrated  in  Figure  6.  The  FIB  specimens  were  10  high  x  20  wide  microns  and  did  not 
encompass  the  through  material  thickness  of  50-80  microns.  Specimens  FI  and  F2  were 
removed  from  the  cutting  surface  oriented  along  the  cutting  direction  and  90°  to  the  cutting 
direction.  F3  was  removed  from  the  free  surface. 


9 


Chip  forming  direction 


Electron  Beam 


Side  view  showing  serrations 
(View  1  from  previous  slide) 


Electron  Beam 


Cutting  surface  is 
smooth  and  shiny 
(View  2  from  previous  slide) 


Electron  Beam 


FI  &  F2  are  cut  from  smooth  side  and  are 
perpendicular  to  each  other. 

F3  is  cut  from  rough  side  to  isolate  valley 
region.  F3  is  orientated  parallel  to  FI 


Figure  6.  Location  of  TEM foils  removed  using  FIB. 


V.  Results 

A  combination  of  SEM,  TEM,  and  XRD  techniques  were  used  to  characterize  the  as-received 
PM  and  experimental  specimens.  Detailed  discussion  of  the  FSW  microstructure  is  documented 
in  [25]  and  of  the  metal  chips  in  [26], 


A)  Parent  Material 

The  starting  parent  material  (PM)  was  characterized  prior  to  evaluation  of  the  grain  refinement 
degree  following  FSW/P  and  metal  cutting.  The  starting  microstructure  is  shown  in  Figure  7a 
and  contains  colonies  of  alternating  a+P  laminate  within  prior  b  grains.  The  prior  p  colony  size 
is  138  pm.  Within  the  p  colonies,  a  colonies  arc  separated  by  p  lathe  approximately  1.4  mm 
wide.  The  grain  boundaries  are  decorated  with  a  phase  approximately  5  pm  in  thickness  with 
some  5  mm  equiaxed  grains.  Based  on  SEM  images,  the  two  phase  microstructurc  contains 
approximately  10-12%  p.  The  results  arc  consistent  with  reference  data  on  Ti  6-4.  Figure  7b  is  a 
TEM  bright  field  image  (BF1)  of  the  parent  material  which  shows  the  relative  thickness  of  the  p 
and  a  lamellar  microstructurc. 
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6  Dhasc 


(a)  (b) 

Figure  7.  Optical  micrograph  of  the  parent  material  (a)  with  TEM  BFI  showing  details  of 
lamellar  (i  f  microstructure  (b).  SAD  ofthea phase  is  shown  inset  in  (b). 


B)  Friction  Stir  Welds 

Using  the  kinematic  model,  the  shear  strain  and  shear  strain  rate  were  estimated  for  the 
processing  parameters  evaluated.  The  hot  working  conditions  are  summarized  in  Table  IV.  As 
mentioned  previously,  these  parameters  do  not  change  greatly  within  the  envelope  of  processing 
parameters  yielding  an  acceptable  FSW. 


Table  IV.  Estimated^  hot  working  condition s  in  FSjVs. 


Weld  ID 

Shear 

strain 

(in/in) 

Shear  strain 
rate  (s'1) 

Estimated  Temperature 

r  Q 

0020W 

90-112 

2.5  x  103 

950  <  Tfsw<  1200 

0030W 

145-207 

4.0  x  103 

950  <  Tfsw<  1200 

Figure  8a  illustrates  the  typical  maerostrueture  observed  in  FSW/P  with  the  mierostrueturc  of  the 
weld  nugget  in  Figure  8b.  The  microstructure  of  the  stir  zone  consisted  of  grain  boundary  (GB) 
a  and  prior  P  grains  varying  in  size  from  about  4-23pm  which  contained  colonies  of  acieular  a. 
Figure  9  summarizes  the  grain  size  in  various  regions  of  the  weld  nugget.  This  shows  a 
reduction  in  grain  size  of  approximately  85%  from  the  initial  PM  of  138  jl m.  The  grain  size 
varied  within  the  nugget  region  with  the  smallest  grain  (~4  pm)  located  at  the  bottom  of  the  stir 
zone  as  well  as  smaller  grains  (~10  pm)  located  around  the  top  surface  of  the  weld  [25]. 

Qualitative  XRD  results  indicated  a  change  in  texture  from  the  as-reeeived  material  after 
FSWing  as  shown  in  Table  V.  The  XRD  data  is  normalized  to  the  highest  intensity  (10.1)  peak 
for  a  randomly  oriented  powder  specimen  [22],  The  peak  intensity  ratio  show  the  parent  Ti-6A1- 
4V  has  a  preferred  orientation  in  the  (00.2)  when  compared  to  International  Center  for 
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Diffraction  Data  (ICDD)  results  for  commercially  pure  a-Ti  [22].  The  preferred  orientation  is 
most  likely  due  to  hot  rolling  during  the  manufacturing  of  the  plates.  The  stir  zone,  however, 
contains  a  more  random  orientation  when  compared  to  the  parent  material. 


Figure  8.  Microstructure  of  FSW/P  nugget  in  Ti  6/4  (a)  with  optical  microscope  image  of  the 
nugget  grain  morphology  (b). 


Prior  p  Grain  Size 
45  Pin  Tool 


■  10  2  cnVmin 

■  11.4  cm/min 

■  12.7  cirVmin 


Location  in  Nugget 


Prior  p  Grain  Size 
60  Pin  Tool 


®  a  b  c  d  e  f 


■  9.5  cm/min 

■  11.4  cm/min 

■  13.3  cm/min 


Location  in  Nugget 


Figure  9.  FSW/P  refines  grains  to  85%  of  starting  PM  prior  /3  grain  size  of  138  pm. 


The  resulting  nugget  morphology  shown  in  Figure  8b  indicated  the  temperature  reached  during 
the  FSWing  was  >  950°  C.  The  FSW  tools  used  remained  in  tact  with  no  evidence  of  wear  in  the 
FSW  nugget.  Since  the  upper  temperature  limit  for  structural  integrity  of  the  weld  tool  was 
1200°  C  [27],  this  also  provides  an  upper  bound  for  the  FSW  temperature. 
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Table  V.  Summary  o  f  XRD  analysis. 


(10.0)/(10.1) 

(00.2)/(  1 0. 1 ) 

ICDD  a-Ti  [221 

0.22 

0.24 

parent  material 

0.59 

3.12 

FSW  nugget 

0.31 

0.73 

C)  Metal  Cutting 

To  analyze  the  metal  working  conditions  imposed  during  the  metal  cutting  operations,  the  metal 
chips  were  mounted  and  polished  for  measurement  of  the  as-cut  metal  chip  thickness  and  spacing 
between  shear  planes.  Measured  chip  thickness  and  the  calculated  strain,  and  strain  rate  arc 
summarized  in  Table  VI.  The  strain  ranged  from  4-6  over  a  strain  rate  range  of  1 . 1  *  1 05  to 
1.9  xlO5  s'1,  respectively. 


Table  VL  Calculated^  strain  and_  strain  rate  based_  on  cut  metal  £lliE  thickness. 


Cutting  speed 

Metal  chip 

Shear 

Shear  Strain 

Estimated 

(m/s) 

thickness 

Strain 

Rate 

adiabatic 

(pm) 

(s-1) 

temperature 

(°C) 

0.22 

57 

6.3 

1.1x10s 

414 

0.57 

81 

4.5 

1.9x10s 

414 

Similar  microstructures  were  found  in  the  metal  chips  cut  at  the  two  conditions,  consisting  of 
6.0  pm  equiaxed  primary  a  grains.  Typical  shear  bands,  with  a  w  idth  ranging  from  1 .8  to 
2.0  pm,  which  were  present  in  all  chips  as  shown  in  Figure  10.  In  regions  of  adiabatic  shear 
bands,  the  p  lamellar  was  observed  to  thin  to  70  nm.  The  measured  volume  fraction  of  P  phase 
in  the  metal  chips  ranged  from  10  to  12%. 


(a)  (b) 

Figure  10.  SEM  images  of  the  side  view  of  the  cut  chips  (a),  a  close  up  of  an  adiabatic  shear 
band  shown  in  (b). 
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The  XRD  peak  profiles  for  the  PM  and  metal  are  shown  in  Table  VII.  As  compared  with  the 
powder  diffraction  standard  [22],  the  a-Ti  (00.2)  peak  has  the  strongest  intensity  peak 
corresponding  to  texture  in  the  rolled  plate.  The  texture  observed  in  the  metal  chips  is  similar  to 
that  of  the  PM,  although  with  a  corresponding  decrease  in  the  (10.0)  reflection.  A  slight  peak 
shift  and  peak  broadening,  summarized  in  Table  VIII  are  evident  in  the  a  -Ti  phase  of  the  metal 
chip  microstrueture  which  obscures  the  (3-Ti  peaks. 


Table  VII.  XRl 

9  analysis  of  the  metal  chips. 

(10.0)/(10.1) 

(00.2)/(  1 0.1) 

ICDD  a-Ti  [22] 

0.22 

0.24 

parent  material 

0.59 

3.12 

metal  chips 

0.22 

3.07 

Table  VIIL  Summary  of  the  tjiree  primary  peak  reflections  of  the  afTf  phase. 


hkl 

a-Ti [22] 

PM 

l.lxlO5  s'1 

1.9x10^  s'1 

29  (°) 

20  (°) 

FWHM 

20  (°) 

FWHM 

20  (°) 

FWHM 

(10.0) 

35.09 

35.70 

0.361 

35.42 

0.535 

35.42 

0.471 

(00.2) 

38.45 

38.86 

0.330 

38.58 

0.453 

38.54 

0.423 

(10.1) 

40.18 

40.80 

0.379 

40.50 

0.525 

40.44 

0.497 

TEM  BF1  and  Selected  area  diffraction  (SAD)  patterns  indicate  a  progression  toward  grain 
refinement  as  shown  by  the  spot  pattern  in  Figure  1  la  and  ring  pattern  in  Figure  1  lb.  The 
lamellar  structure  is  still  observed  after  the  metal  cutting  deformation.  The  spot  pattern  is 
associated  with  large  grains  (Fig.  1  la)  which  evolve  into  a  ring  pattern  (Fig.  1  lb)  when  sufficient 
grains  are  within  the  area  of  aperture.  To  help  in  defining  the  microstrueture,  the  metal  chips 
were  subjected  to  a  heat  treatment  at  260°  C  for  5  minutes. 
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(a)  (b) 

Figure  11.  Various  regions  of  the  TEM  specimen  cut  from  the  through  metal  chip  thickness. 
Some  regions  show  larger  grains  (a)  as  compared  with  smaller  grains  in  other  regions  (b). 


To  gain  a  better  understanding  of  the  microstructural  features  observed  in  the  100  kV  TEM  at 
MSU,  The  facilities  at  ORNL  were  used  [24],  TEM  specimens  were  selectively  removed  using 
FIB  techniques.  Specimens  close  to  the  cutting  surface  captured  the  influence  of  the  severe 
deformation  occurring  during  metal  cutting.  Figure  12a  and  12b  show  an  overv  iew  of  the  FIB 
specimens.  The  height  of  the  specimen  is  approximately  1 0  microns,  which  is  roughly  20%  of 
the  80  micron  chip  thickness.  The  smooth  surface  at  the  top  is  the  cutting  surface  and  the  rough 
edge  at  the  bottom  of  the  image  is  where  it  was  removed  from  the  chip  specimen. 


(a)  (b) 

Figure  12.  TEM  BFI  of  FIB  specimens  removed  0  (a)  and  90°  (b)  from  the  cutting  direction. 
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A  close  up  of  the  region  near  the  cutting  surface  is  shown  in  Figure  13  Both  equiaxed  and 
elongated  grains  can  be  observed  in  Figure  13b.  The  elongated  grains  in  this  region  show 
banding  typical  of  severe  deformation.  Figure  14  shows  a  similar  mixture  of  equiaxed  and 
elongated  grains.  The  regions  in  Figure  13  and  14  are  typical  of  the  microstrueture  in  both  the 
0  and  90°  orientations  of  the  FIB  TEM  specimens. 


To  estimate  the  adiabatic  temperature  during  metal  cutting,  mierohardness  measurements  were 
made  of  the  metal  chips  [28].  The  measured  hardness  of  Ti-6AI-4V  metal  cutting  chip  with 
strain  rate  of  1.9X10^  s'1  was  4.6  GPa.  Using  a  energy  conversation  constant  of  P  =  0.9,  density 
of  4.428  kg/m3,  and  specific  heat  capacity  of  564J/kg*K,  the  calculated  temperature  increase 
inside  the  adiabatic  shear  band  is  414°C.  This  is  in  agreement  with  the  microstrueture  w  hich 
indicates  the  P  transus  temperature  was  not  exceeded. 


(a)  (b)  (c) 

Figure  13.  TEM  BFI  showing  microstrueture  close  to  cutting  surface  (a).  Equiaxed  grains  are 
observed  along  with  elongated  grains  showing  evidence  of  deformation  (c). 


VI.  Discussion 

Based  on  the  stir  zone  mierostrueture  for  the  FSWs  at  an  estimated  shear  strain  rate  of  101  s'1,  it 
was  apparent  that  the  P  transus  temperature  (950-980°C)  was  exceeded  during  all  of  the  welds  [2, 
3],  The  aeieular  a  is  contained  within  prior  p  grains  which  were  formed  while  the  stir  zone  was 
above  the  P  transus  [2,  3],  Martensitic  microstrueture  is  not  present  so  the  cooling  rate  was  not 
extremely  fast  (1000°C/min  or  higher)  [2,  3].  The  prior  p  grains  in  the  stir  zone  are  not  very 
large  (<30pm)  so  the  cooling  rate  was  not  slow'  enough  to  keep  the  material  above  the  p  transus 
long  enough  to  form  large  P  grains  [2,  3].  Juhas  et  al  [8],  Lienert  et  al  [7],  and  Zhang  et  al  [29] 
reported  similar  findings  relating  to  the  eooling  rate  of  Ti-6A1-4V  FSWs. 

In  contrast,  after  metal  cutting  at  a  higher  estimated  shear  strain  rate  of  10*  s'1,  the  initial  bi- 
modal  microstrueture  of  the  PM  was  observed  to  coarsen  into  equiaxed  primary  a  grains  and 
thickened  P  plates.  Although  this  reflects  elevated  temperatures,  the  p  transus  temperature  of 
980°C  was  not  exceeded  [2,  3].  These  results  are  in  agreement  with  a  numerical  modeling  study 
of  the  metal  cutting  process  in  which  maximum  temperatures  of  700°C  were  predicted  [30].  The 
numerical  model  used  similar  cutting  conditions  to  impose  a  shear  strain  of  ~7  and  shear  strain 
rate  of  ~105  s"1  [30].  A  non-homogenous  mierostrueture  was  observed  in  TEM  images  of  the 
metal  chips  with  evidence  of  regions  of  equiaxed  and  elongated  grains. 
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Figure  14.  Additional  TEMBF1  showing  evidence  of  equiaxed  and  elongated  grains  (a-c). 
These  microstructural  features  were  observed  in  both  the  0  and  90° specimen  orientations  with 
respect  to  the  cutting  direction. 


Because  this  microstrueture  was  evident  in  two  orientations  with  respeet  to  the  cutting  direction, 
it  can  be  inferred  that  the  grains  were  elongated  during  cutting  as  evidenced  by  indicate  of  severe 
deformation  (Figure  13  and  14).  The  equiaxed  grains  may  either  be  regions  which  may  have 
“pinched  off’  during  deformation  or  else  they  may  result  from  cross  sectioning  of  the  elongated 
grains. 

The  ring  patterns  observed  in  the  100  kV  TEM  studies  captured  regions  of  randomly  oriented 
grains.  Higher  resolution  images  were  able  to  look  at  details  of  the  mierostrueture.  SAD 
patterns  could  be  isolated  for  the  larger  grains  near  the  interior  of  the  through  metal  thickness. 
However,  nearing  the  cutting  surface,  the  narrow  elongated  grains  gave  rise  to  ring  patterns 
indicating  random  orientation.  No  changes  were  measured  in  the  measured  volume  fraction  of  p 
phase  in  the  PM,  FSWs,  or  metal  chips  based  on  SEM  images.  Although  the  minor  P  phase 
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eould  be  detected  in  the  XRD  analysis  of  the  PM,  minor  peak  broadening  obseured  the  P  peak  in 
the  analysis  of  the  metal  ehips  and  FSW/P  specimens.  This  indicates  the  stability  of  the  alloying 
elements  at  these  elevated  temperatures  and  strain  rates. 

All  eharaeterization  techniques  indicate  a  homogenous  FSW  nugget  forms  during  FSW/P  while  a 
non-homogeneous  mierostrueture  oeeurs  after  metal  eutting.  The  FSW/P  subjected  the  metal  to 
lower  shear  strain  rates  10*  s'1  at  strains  >50  and  temperatures  in  exeess  of  the  P  transus 
(>950°  C).  In  comparison  the  metal  eutting  subjected  the  metal  to  mueh  higher  shear  strain  rate 
of  10s  s  ,  but  at  considerably  lower  strains  and  temperatures.  The  conditions  imparted  by  the 
FSW/P  were  sufficient  to  reduee  the  grain  size  by  85%  resulting  in  equiaxed  mierostrueture. 

One  meehanism  of  grain  refinement  at  high  strain  rates  has  been  proposed  [4],  Flowever,  there 
has  been  no  experimental  verification  in  the  open  literature.  It  has  been  theorized  that  torsional 
deformation  ean  result  in  elongation  of  grains  in  whieh  sub-boundaries  form  as  subjected  to 
elevated  temperatures.  Torsional  deformation  eould  eventually  result  in  the  grains  “pinehing 
off’  at  the  sub-boundaries  resulting  in  refined,  equiaxed  grains.  Subsequent  deformation, 
resulting  in  grain  boundary  sliding  and  rotation,  would  give  rise  to  randomly  oriented  grains. 

This  maybe  the  ease  in  FSW/P  in  whieh  the  rotation  tool  imparts  a  torsional  deformation  to  the 
metal  entering  the  severe  shear  zone.  At  the  mueh  higher  levels  of  strain  and  temperature,  this 
proposed  grain  refinement  proeess  may  oeeur.  In  metal  eutting,  we  may  be  eapturing  the  initial 
stages  driving  toward  grain  refinement.  Although  the  shear  strain  rate  was  higher,  the  lower 
strain  and  temperature  may  not  have  been  sufficient  to  drive  complete  grain  refinement.  Thus  it 
would  be  proposed  to  next  obtain  ehips  at  higher  shear  strain  rates  and  temperatures  to  study 
whether  the  proeess  indicates  a  finer  degree  of  grain  refinement.  As  the  grains  elongate  further, 
evidence  of  sub-boundaries  eould  be  evaluated.  This  would  indicate  whether  torsional 
deformation  is  a  neeessary  condition  for  equiaxed  grain  refinement. 


VII.  Summary 

Based  on  the  results  of  the  FSW  experiment,  both  weld  tools  ereated  similar  mierostruetures 
within  the  stir  zone  at  estimated  shear  strain  rates  of  ~10V.  Based  on  the  structure  within  the 
stir  zone,  the  p  transus  was  exceeded  during  FSWing  of  the  Ti  with  all  of  the  weld  tool 
geometries  and  processing  parameters.  The  heat  input  is  assumed  to  be  due  to  both  frietional 
heating  at  the  tool  shoulder  surfaee  and  adiabatie  heating  within  the  shear  zone  surrounding  the 
weld  tool. 

In  contrast,  the  metal  ehips  eut  at  the  higher  shear  strain  rate  of  ~10V  whieh  also  experienced 
similar  modes  of  heating  but  with  faster  post  eutting  queneh,  show  a  resulting  mierostrueture 
with  regions  of  refined  and  elongated  grains.  The  elongated  grains  show  evidence  of 
deformation  with  the  overall  mierostrueture  consistent  with  temperatures  below  the  P  transus. 
This  experimental  evidence  supports  numerical  studies  [30]  whieh  prediet  localized  temperatures 
on  the  order  of  700  °C  in  the  metal  eutting  proeess. 

Torsional  Gleeble  tests,  using  the  temperature  profile  from  FSWing  of  Ti  samples,  will  allow 
independent  assessment  of  the  effeet  of  adiabatie  heating  at  shear  strains  of  up  to  1 00%.  This 
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testing  has  been  completed  and  the  data  analysis  currently  underway.  The  Glecble  specimens 
were  instrumented  to  obtain  temperature  data  to  evaluate  variations  in  the  a  to  p  transformation. 


VIII.  Follow  on  studies  proposed 

Variations  in  microstructure  were  observed  between  metal  chips  formed  during  metal  cutting  and 
the  refined  microstructure  in  a  FSW.  This  variation  is  attributed  to  differences  in  the  level  of 
shear  strain  and  the  temperature  profile.  Although  the  amount  of  localized  heat  can  be  quite  high 
in  high  strain  rate  applications,  it  is  also  dissipated  more  rapidly  than  in  FSWing.  This  localized 
heat  strongly  affects  the  accommodation  of  strain  at  the  applied  strain  rate.  Additionally,  the 
energy  input  may  cause  instabilities  in  the  microstructurc,  i.e.  changing  grain  shape  and  size  in 
addition  to  phase  composition. 


Specific  tasks  include: 

1)  Quantify  heat  input  during  metal  cutting  -  separate  frictional  from  dcformational 
heating. 

Compare  microstructurcs  from  torsional  Glecble  tests  at  varying  shear  strains  to 
those  obtained  in  FSWing  and  metal  cutting  and  evaluate  variations  in  the  P 
transus  temperature.  . 

Explore  relationships  and  limits  between  the  balances,  at  a  given  temperature,  for 
a  given  mierostructure  to  accommodate  strains  at  the  higher  strain  rates. 

Quantify  conditions  where  the  strain  energy  input  drives  microstructural  changes. 
Initiate  collaboration  with  continuum  model ing/matcrial  modeling  teams. 


2) 


3) 

4) 

5) 


IX  Conclusions 

This  study  will  assist  in  advancing  analytical  and  mathematical  modeling  of  the  impact 
resistance  of  high  strength,  high  temperature  resistant,  structural  materials  by  providing  physics 
based,  material  models.  Material  models  provide  the  stress  versus  strain  response  at  different 
temperatures  and  strain  rates  to  enable  the  accurate  prediction  of  the  mechanical  response  to  an 
imposed  load  or  impact  condition.  How  a  material  responds  or  accommodates  various  levels  of 
strain  at  varying  strain  rates  is  controlled  by  microstructural  dependant  mechanisms.  Within  a 
given  range,  the  stress  versus  strain  response  follows  various  scaling  laws.  If  the  imposed  strain 
rate  or  temperatures  cause  microstructural  changes,  then  the  applicable  scaling  law  for  stress 
versus  strain  relationships  must  also  change.  In  addition  to  the  scaling  laws,  current  material 
models  do  not  capture  the  following  microstructural  changes  which  affect  the  strain  hardening  or 
softening  response: 

■  Texture  evolution 

■  Precipitation  kinetics 

■  Dynamic  recovcry/rccrystallization 

■  Non-diffusional  phase  transformations 

If  the  conditions  where  the  changes  to  the  microstructurc  can  be  determined  in  advance  of  time 
consuming  and  costly  testing,  the  amount  of  mechanical  testing,  which  provides  input  to  the 
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material  models,  can  be  reduced.  Material  models  guided  by  the  evolution  of  the  microstructural 
would  improve  and  provide  a  physics  based  approach  for  analytical  and  mathematical  modeling 
of  impact  conditions.  The  goal  of  this  study  is  the  development  of  an  experimental  method  to 
determine  regions  where  the  accommodation  of  the  strain  at  a  given  strain  rate  and  temperature 
changes  mechanisms  due  to  microstructural  changes.  This  data  would  be  of  interest  to 
developers  of  material  models  for  development  of  physics  based  solutions. 


X  Results  from  study  to  date: 

Students  completing  their  studies  and  participating  in  research  at  MSU: 

1 )  Haley  Rubisoff  completed  her  MS  degree  in  ME,  Summer  2009. 

Thesis  title:  “Microstructural  Characterization  of  Friction  Stir  Welded  TI- 
6AL-4V.” 

2)  Lei  Dong  is  working  toward  his  PhD  degree  in  ME,  scheduled  for  2010. 
Dissertation  title”  Modeling  the  FSW  Process  using  Metal  Cutting 
Theory.” 

3)  Two  undergraduates  have  been  employed  to  assist  with  this  study: 

Darryl  Murray,  BSME  Spring  2009 
Jason  Camp,  BSME  Fall  2009 

Research  results  have  been  presented  at: 

1)  Rubisoff,  H.A.  Schneider,  J.A.,  Nunes,  A.C.,  Jr.,  ’’Control  of  structure  in 
conventional  friction  stir  welds  through  a  kinematie  theory  of  metal  flow,” 
FSW&P  V,  2009  TMS  Annual  Meeting,  Pittsburg,  PA. 

2)  Rubisoff,  H.A.,  Querin,  J.A.,  Schneider,  J.A.,  “Investigating  the  effects  of 
pin  tool  design  on  friction  stir  welded  Ti-6A1-4V,”  2009  TMS  Annual  Mtg,  San 
Francisco,  CA  [25], 

3)  Dong,  L.,  Schneider,  J.A.,  “Microstructural  evolution  of  Ti-6A1-4V  during 
high  strain  rate  conditions  of  metal  cutting.”  2009  TMS  Annual  Mtg,  San 
Francisco,  CA  [26]. 

4)  Querin,  J.A..  Rubisoff,  H.A.,  Schneider,  J.A.,  “Effect  of  weld  tool 
geometry  on  friction  stir  welded  Ti-6A1-4V,”  8th  International  Conference  on 
Trends  in  Welding  Research  Proceedings,  Pine  Mt.,  GA,  2008. 

In  addition,  manuscripts  are  in  preparation  for: 

1)  Dong,  L,  Sehneidcr,  J.A.,  “Microstructural  evolution  in  metal  eutting 
chips  of  Ti-6A1-4V,”  in  process,  MSEA,  Summer  2009. 
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